Infliximab (IFX) is a chimeric anti-tumor necrosis factor-α monoclonal antibody exerting the therapeutic effect for Crohn's disease (CD). To identify certain genes related to the effect of IFX and biomarkers to predict the effect of IFX, we examined an association study between 35 tag single nucleotide polymorphisms (SNPs) in six candidate genes involved in the P2RX7 signaling pathway and response to IFX after 10 weeks, 1 year, and 2 years of treatment for Japanese CD patients. A total of 127 CD patients were divided into two groups, including responders and non-responders, at each period of IFX treatment. The frequencies of alleles and genotyped at each tag SNP between responders and non-responders were compared in three different inheritance models at each period of treatment. Statistical analyses indicated that polymorphism of rs11670259 in CARD8 contributed to response and primary non-response to IFX after 10 weeks of treatment, and that polymorphisms of P2RX7, CARD8, and CASP1 independently contributed to response and secondary loss of response to IFX after 1 year of treatment. Subsequently, using the associated tag SNPs as a biomarker, genetic test revealed that the polymorphism of CARD8 and the combination polymorphisms of P2RX7 and CASP1 were useful as a biomarker to predict response to IFX after 10 weeks and 1 year of treatment, respectively. Therefore, CARD8 is an IFX-related gene after 10 weeks of treatment, and P2RX7, CARD8, and CASP1 are IFX-related genes after 1 year of treatment for Japanese CD patients. These genes in the P2RX7 signaling pathway could therefore be potential targets for new therapeutic drugs to combat primary non-response and secondary loss of response to IFX for CD patients.
Introduction
Crohn's disease (CD) is pathophysiologically characterized by granulomatous inflammation in the gastrointestinal tract with the dysfunction of both the mucosal immune system and inflammatory response. Although the etiology of CD is still unknown, many genetic and environmental factors contribute to the onset of CD, because this disorder is one of the multifactorial disorders [1] [2] [3] . Since no fundamental therapies for CD have yet been established, CD treatment is determined according to the present site of the lesions, the degree of inflammation, response to the past treatment, and the presence or absence of complications in order to induce remission as early as possible [4] .
Obtaining information on SNPs in the target genes, selecting the candidate tag SNPs, and determining the genotyped tag SNPs were carried out according to the same methods as reported previously [13, 27, 28] . The gene structures and positions of the genotyped tag SNPs in the candidate genes are shown in Figure 1 .
Genotyping of tag SNPs in candidate genes: Genetic analyses for the genomic DNA extracted from each patient and genotyping of 35 tag SNPs in 6 genes by PCR-restriction fragment length polymorphism, PCR-direct DNA sequencing, or probe-based high resolution melting method were done according to the same method as reported (SNPs) have shown the possible IFX-related genes for rheumatoid arthritis, such as TNF receptor (TNFR) superfamily member 1B [8] , Fc gamma receptors IIA and IIIA [9] , AFF3 [10] , CD226 [10] , protein tyrosine phosphatase receptor type C [11] , and p38 mitogen-activated protein kinase [12] . While, our previous study has reported that the polymorphisms of IL17F and TRAF3IP2 are associated with response to IFX after 1 year of treatment for Japanese CD patients [13] . As the results, we next focused on the purinergic receptor P2X, ligand-gated ion channel, 7 (P2RX7/P2RX7) signaling pathway, which is related to intestinal inflammation through another non-TNF-dependent inflammation signaling pathway.
P2RX7 is a ligand-gated membrane ion channel which plays a crucial role in many cellular functions, such as vascular reactivity, apoptosis, cytokine secretion, and tissue inflammation [14] . This purinergic receptor is expressed in peripheral macrophages, mast cells, lymphocytes, erythrocytes, fibroblasts, microglia, astrocytes, Schwann cells, and dendritic cells, and is activated by high concentrations of extracellular ATP [15] , thus resulting in the opening of ion channels and subsequently leading to the influx of Ca 2+ and the efflux of K + . The increase in cytosolic Ca 2+ and subsequent decrease in intracellular K + activate the assembly of caspase recruitment domain-containing protein 8 (CARD8/CARD8), NLR family pyrin domain-containing 3 (NLRP3/NLRP3), apoptosis-associated speck-like protein containing a card (ASC/PYCARD), and caspase 1 (CASP1/CASP1) [16] , thus resulting in the release of inflammatory cytokines including interleukin (IL)-1β (IL1B/IL1B) [16, 17] , IL-2, IL-4, IL-6, IL-13, and IL-18 (IL18) [17] , and other inflammatory mediators, such as nitric oxide synthase, cycloxygenase-2, TNF-α [18] , phospholipase-D, phospholipase A 2 , nuclear factor kappa-B (NF-κB) [19] , and mitogen activated protein kinases. Since the P2RX7 signaling pathway regulates inflammation through the secretion of these cytokines and mediators, P2RX7 antagonists can be used in the treatment of inflammatory bowel disease [20] . In addition, the production of IL-1β was found to decrease in caspase1-deficient mice as well as in P2RX7-deficient mice [21] [22] [23] . Moreover, NLRP3 and CARD8 are susceptibility genes for the onset of CD [24] . The number of mast cells expressing P2RX7 have been reported to increase in the colon of CD patients and intestinal inflammation is inhibited by the treatment of anti-P2RX7 antibody [25] .
We therefore hypothesized that not only the activation of the TNFR signaling pathway, but also the activation of the P2RX7 signaling pathway may contribute to inflammation of the intestines in CD patients. The elevated production of inflammatory cytokines and mediators through the activation of the P2RX7 signaling pathway in the genetic background may lead to the perpetuation of the chronic intestinal inflammatory process and might thereby result in loss of response to IFX. Therefore, we examined an association study between polymorphisms of six target genes (P2RX7, CARD8, PYCARD, CASP1, IL1B, and IL18) involved in the P2RX7 signaling pathway and the therapeutic effect of IFX at the short, middle, or long period of treatment for Japanese CD patients. Another purpose of this study was to investigate whether the associated polymorphisms can be used as new genetic biomarkers for predicting either response or loss of response to IFX at each period by genetic testing.
Patients and methods

Patients
In this study, 127 unrelated Japanese CD patients were enrolled and treated with IFX at three general hospitals, namely Oita Red Cross Hospital, Nagasaki Harbor Medical Center City Hospital, or Nagasaki Comparison analyses of the clinical characteristics between responders and non-responders to IFX in each group revealed a significant difference in the gender after 10 weeks of treatment. The percentage of males in non-responders to IFX was higher than that in responders (90.9% vs. 57.8%, P = 0.049; Table 1 ), thereby indicating that male gender showed loss of response to IFX after 10 weeks of treatment. Conversely, females indicated response to IFX after 10 weeks of treatment. However, no significant differences in the mean age and gender were observed between responders and non-responders to IFX in other groups.
Association of tag SNPs with response to IFX after 10 weeks of treatment
The frequencies and distributions of minor alleles and genotypes at tag SNPs in each gene were identified and compared between responders and non-responders to IFX after 10 weeks of treatment ( Table 3 ). The two tag SNPs, rs2043211 and rs1972619 in CARD8, were excluded from the subsequent analyses because they were not in HWE.
The frequencies of a heterozygous C/T genotype and a minor homozygous T/T genotype of rs11670259 in CARD8 in the minor allele dominant model were significantly decreased in responders in comparison to those in non-responders (31.9% vs. 63.6%, P = 0.047, OR = 0.268; Table 3 ), thereby indicating ~3.7-fold loss of response to IFX after 10 weeks of treatment. Conversely, the possession of a major homozygous C/C genotype of rs11670259 in CARD8 indicated ~3.7fold response to IFX.
Moreover, the frequencies of a heterozygous G/C genotype and a minor homozygous C/C genotype of rs1143623 in IL1B in the minor allele dominant model were significantly decreased in responders in comparison to those in non-responders (55.2% vs. 90.9%, P = 0.025, OR = 0.123; Tables 3), indicating that this genotype is associated with ~8.1-fold loss of response to IFX. Conversely, the possession of a major homozygous G/G genotype of rs1143623 in IL1B indicated ~8.1-fold response to IFX after 10 weeks of treatment.
There were no significant differences in the frequencies of any other alleles and genotypes at tag SNPs between responders and nonresponders after 10 weeks of treatment.
Association of tag SNPs with response to IFX after 1 year of treatment
The frequencies and distributions of minor alleles and genotypes at tag SNPs in each gene were identified and compared between responders and non-responders to IFX after 1 year of treatment (Table 4) .
With regard to rs3751143 in P2RX7, the frequency of a minor homozygous G/G genotype in the minor allele recessive model were significantly lower in responders in comparison to those in nonresponders (6.2% vs. 31.6%, P = 0.001, OR = 0.143; Table 4 ). This result implied that ~7.0-fold loss of response to IFX after 1 year of treatment. Conversely, the possession of a major homozygous T/T genotype or a heterozygous T/G genotype of rs3751143 indicated ~7.0-fold response to IFX.
Moreover, the frequencies of a heterozygous C/T genotype and a minor homozygous T/T genotype of rs4389238 in CARD8 in the minor allele dominant model were significantly decreased in responders in comparison to those in non-responders (46.4% vs. 78.9%, P = 0.012, OR = 0.231; Tables 4), indicating that these genotypes are associated with ~4.3-fold loss of response to IFX. Conversely, the possession of a major homozygous C/C genotype of rs4389238 in CARD8 indicated ~4.3-fold response to IFX after 1 year of treatment.
In addition, the frequencies of a heterozygous A/G genotype and a minor homozygous G/G genotype of rs2282659 in CASP1 in the minor allele dominant model were significantly increased in responders in comparison to those in non-responders (55.7% vs. 15.8%, P = 0.002, OR = 6.698; Tables 4), indicating that these genotypes are associated with ~6.7-fold response to IFX. Conversely, possessing a major homozygous A/A genotype of rs2282659 in CASP1 indicated ~6.7-fold loss of response to IFX after 1 year of treatment. Table 3 . Allele and genotype comparisons in three inheritance models between responders and non-responders to IFX after 10 weeks of treatment for CD patients.
Araki C (2016) The evidence of genetic polymorphisms of genes involved in the P2RX7 signaling pathway as predictive biomarkers for response and loss of response to infliximab against Crohn's disease There were no significant differences in the frequencies of any other alleles and genotypes at tag SNPs between responders and nonresponders after 1 year of treatment.
Association of tag SNPs with response to IFX after 2 years of treatment
The frequencies and distributions of minor alleles and genotypes at tag SNPs in each gene were identified and compared between responders and non-responders to IFX after 2 years of treatment (Table 5) . No significant differences in the frequencies of alleles and genotypes at tag SNPs were observed between responders and non-responders after 2 years of treatment ( Table 5 ).
The interaction of genetic and environmental factors in response to IFX after 10 weeks of treatment
Univariate analyses of the differences in the frequencies of the genotypes between responders and non-responders indicated that genetic factors, the C/C genotype of rs11670259 in CARD8 and the G/G genotype of rs1143623 in IL1B, as well as the environmental factor Table 4 . Allele and genotype comparisons in three inheritance models between responders and non-responders to IFX after 1 year of treatment for CD patients.
Araki C (2016) The evidence of genetic polymorphisms of genes involved in the P2RX7 signaling pathway as predictive biomarkers for response and loss of response to infliximab against Crohn's disease Table 5 . Allele and genotype comparisons in three inheritance models between responders and non-responders to IFX after 2 years of treatment for CD patients.
Araki C (2016) The evidence of genetic polymorphisms of genes involved in the P2RX7 signaling pathway as predictive biomarkers for response and loss of response to infliximab against Crohn's disease Araki C (2016) The evidence of genetic polymorphisms of genes involved in the P2RX7 signaling pathway as predictive biomarkers for response and loss of response to infliximab against Crohn's disease of female gender showed response to IFX after 10 weeks of treatment. Subsequently, multivariate logistic regression analysis revealed that only the C/C genotype of rs11670259 in CARD8 independently contributed to response to IFX (P = 0.017, OR = 5.391; Table 6 ). Conversely, the C/T or T/T genotype of rs11670259 in CARD8 contributed to primary non-response to IFX after 10 weeks of treatment.
The gene-gene interaction in response to IFX after 1 year of treatment
Likewise, in order to investigate the influence of the interaction of associated genetic factors on response to IFX after 1 year of treatment, multivariate logistic regression analysis indicated that three genetic factors, the T/T or T/G genotype of rs3751143 in P2RX7, the C/C genotype of rs4389238 in CARD8, and the A/G or G/G genotype of rs2282659 in CASP1, independently contributed to response to IFX (P = 0.012, OR = 6.379, P = 0.013, OR = 5.114, P = 0.004, OR = 7.803, respectively; Table 7 ).
Conversely, the G/G genotype of rs3751143 in P2RX7, the C/T or T/T genotype of rs4389238 in CARD8, and the A/A genotype of rs2282659 in CASP1 independently contributed to loss of response to IFX after 1 year of treatment.
Verification of genetic test to predict response to IFX after 10 weeks of treatment
In order to predict response to IFX for CD patients after 10 weeks of treatment, genetic test was carried out using an independent genetic factor, the C/C genotype of rs11670259 in CARD8, as a biomarker (Table 8 ). This test indicated that the sensitivity, specificity, positive predictive value, and negative predictive value were estimated to be at 68.1%, 63.6%, 95.2%, and 15.9%, respectively ( Table 8) .
Verification of genetic test to predict response to IFX after 1 year of treatment
Likewise, we performed genetic test with a combination of the three independent genetic factors as biomarkers to better predict response to IFX for CD patients after 1 year of treatment, indicating that the best combination of marker 6 (T/T or T/G genotype of rs3751143 in P2RX7 and A/G or G/G genotype of rs2282659 in CASP1) was useful as a biomarker with the values of the highest scores of the P value, OR, sensitivity, specificity, and positive predictive value (Table 9 ).
Discussion
This study is the first demonstration to report that the polymorphisms of CARD8, P2RX7, and CASP1 independently contribute to the therapeutic effect of IFX for CD patients.
From the pathophysiological perspective at 10 weeks after the start of IFX administration, the C/C genotype at rs11670259 in CARD8 may decrease the function of CARD8 in the genetic background, thereby leading to the diminution of the production of inflammatory cytokines as well as inflammatory mediators through the P2RX7 signaling pathway [14] [15] [16] [17] [18] [19] . Therefore, not only the suppression of the TNFR signaling pathway due to IFX, but also the diminution of the P2RX7 signaling pathway due to this polymorphism may show good response to IFX after 10 weeks of treatment (Figure 2) .
In contrast, the C/T or T/T genotype of rs11670259 in CARD8 may increase the function of CARD8 in the genetic background, Araki C (2016) The evidence of genetic polymorphisms of genes involved in the P2RX7 signaling pathway as predictive biomarkers for response and loss of response to infliximab against Crohn's disease 2 . The putative mechanism of good response to infliximab for CD patients. A schematic representation indicates the putative mechanism of good response to infliximab after 10 weeks and 1 year of treatment. Ligands, TNF-α and ATP, activate its receptors, TNFR and P2RX7, respectively. Subsequently the downstream signals in each signaling pathway induce the production of inflammatory cytokines including IL-1β and IL-18. In the CD patients with the present polymorphisms of P2RX7, CARD8, and CASP1, the signals in the P2RX7 pathway may be diminished in the genetic background. Whereas, the signals in the TNFR pathway can be suppressed by infliximab. Abbreviations: TNF, tumor necrosis factor; TNFR, TNF receptor; TRADD, tumor necrosis factor receptor type 1-associated DEATH domain protein; TRAF2, TNF receptor-associated factor 2; RIP1, receptor-interacting serine/threonine-protein kinase 1; I-κB, inhibitor of kappa B; NF-κB, nuclear factor-kappa B; ATP, adenosine triphosphate; P2RX7, purinergic receptor P2X, ligand gated ion channel, 7; NLRP3, NLR family pyrin domain containing 3; CARD8, caspase recruitment domain family member 8; ASC, apoptosis-associated speck-like protein containing a carboxy-terminal CARD; CASP1, caspase 1; IL-1β, interleukin 1 beta; IL-18, interleukin 18.
thereby leading to the acceleration of the production of inflammatory cytokines and mediators through the P2RX7 signaling pathway. The condition with the elevated production of inflammatory cytokines and mediators through the activation of the P2RX7 signaling pathway due to this polymorphism may predominate over that with the suppressed production of inflammatory cytokines and mediators through the TNFR signaling pathway due to IFX. Therefore, the CD patients under such conditions may eventually result in primary non-response after 10 weeks of treatment (Figure 3) .
At 1 year after the start of IFX administration, the T/T or T/G genotype of rs3751143 in P2RX7, the C/C genotype of rs4389238 in CARD8, or A/G or G/G genotype at rs2282659 in CASP1 may slightly reduce the function of P2RX7, CARD8, and CASP1 in the genetic background, thereby leading to a decrease in the production of inflammatory cytokines and mediators through the P2RX7 signaling pathway. As similar to the mechanism observed after 10 weeks of treatment, in these CD patients, both the diminution of the P2RX7 signaling pathway due to these polymorphisms and the suppression of the TNFR signaling pathway due to IFX may show good response to IFX after 1 year of treatment ( Figure 2) .
Conversely, the G/G genotype of rs3751143 in P2RX7, the C/T or T/T genotype of rs4389238 in CARD8, and A/A genotype at rs2282659 in CASP1 may slightly accelerate the function of P2RX7, CARD8, and CASP1 in the genetic background, thereby leading to an increase in the production of inflammatory cytokines and mediators through the P2RX7 signaling pathway. Therefore, not only the elevated production of inflammatory cytokines and mediators through the accelerated P2RX7 signaling pathway due to these polymorphisms, but also a decrease in the suppressed production of inflammatory cytokines and mediators through the TNFR signaling pathway due to the reduction of the IFX actions, may exacerbate inflammation of the intestines in the patients and eventually lead to secondary loss of response to IFX after 1 year of treatment ( Figure 3 ). Although the decisive factors have not yet been identified, the reduction of the IFX actions after 1 year of treatment may be caused by various clinical risk factors, including a shortened half-life of IFX due to the increased clearance of IFX, the dominant mechanism of inflammation, the production of antibodies to IFX (ATI), and the low serum concentrations of the IFX levels (up to 60%) [29, 30] . Indeed, approximately 15-61% of CD patients developed ATI [31] [32] [33] , although ATI was not examined in this study. Of course, since these CD patients, who showed secondary loss of response after 1 year of treatment, showed response to IFX at the 10-week treatment, at 10 weeks after the start of IFX administration, the condition with the suppressed production of inflammatory cytokines and mediators through the TNFR signaling pathway due to IFX may predominate over that with the slightly elevated production of inflammatory cytokines and mediators through the activation of the P2RX7 signaling pathway due to the polymorphisms in the genetic background.
With regard to genetic test with the IFX-related polymorphisms, the C/C genotype at rs11670259 in CARD8 is useful as a biomarker to predict response to IFX for CD patients after 10 weeks of treatment with significant differences ( Table 8 ). As this test showed the sensitivity of 68.1%, we hypothesize that the activation of the P2RX7 signaling pathway may contribute to inflammation of the intestines in about two-thirds of the CD patients who showed good response to IFX after 10 weeks of treatment. Moreover, the positive predictive value of this test was very higher at 95.2%, thereby indicating the very higher probability that almost all of the CD patients with the C/C genotype of rs11670259 in CARD8 could show good response to IFX after 10 weeks of treatment.
On the other hand, after 1 year of treatment, genetic test showed the combination marker 6 (T/T or T/G genotype of rs3751143 in P2RX7 Figure 3 . The putative mechanism of loss of response to infliximab for CD patients A schematic representation indicates the putative mechanism of primary non-response and secondary loss of response to infliximab after 10 weeks and 1 year of treatment, respectively. In the CD patients with the present polymorphisms of P2RX7, CARD8, and CASP1, the signals in the P2RX7 pathway may be slightly activated in the genetic background. Whereas, the signals in the TNFR pathway can be suppressed by infliximab. Abbreviations: TNF, tumor necrosis factor; TNFR, TNF receptor; TRADD, tumor necrosis factor receptor type 1-associated DEATH domain protein; TRAF2, TNF receptor-associated factor 2; RIP1, receptor-interacting serine/threonine-protein kinase 1; I-κB, inhibitor of kappa B; NF-κB, nuclear factor-kappa B; ATP, adenosine triphosphate; P2RX7, purinergic receptor P2X, ligand gated ion channel, 7; NLRP3, NLR family pyrin domain containing 3; CARD8, caspase recruitment domain family member 8; ASC, apoptosis-associated speck-like protein containing a carboxy-terminal CARD; CASP1, caspase 1; IL-1β, interleukin 1 beta; IL-18, interleukin 18. and A/G or G/G genotype of rs2282659 in CASP1) could be useful as a biomarker to predict response to IFX for CD patients with significant differences ( Table 9 ). As similar to the mechanism observed after 10 weeks of treatment, the sensitivity of 52.6% was seen in the genetic test after 1 year of treatment, indicating that the activation of the P2RX7 signaling pathway may contribute to inflammation of the intestines in about half of all CD patients who showed good response to IFX after 1 year of treatment. Likewise, the positive predictive value of 96.2% shown in the test indicates the very higher probability that almost all of the CD patients with both the T/T or T/G genotype of rs3751143 in P2RX7 and A/G or G/G genotype of rs2282659 in CASP1 could show good response to IFX after 1 year of treatment.
In the patients who show secondary loss of response to IFX, remission can be managed by shortening interval between dosing [34] , dose intensification [35] , and/or switching to other biological agents [36, 37] . For example, adalimumab is a fully humanized monoclonal antibody approved for the treatment of CD patients who have failed to respond to conventional agents and anti-TNF-α therapies [30, 36] . Certolizumab pegol is a pegylated humanized monoclonal Fab' fragment that binds to TNF-α [30, 37, 38] . Natalizumab is a humanized monoclonal antibody against α4 integrin [39, 40] . When these agents are chosen for the treatment of CD, then useful biomarkers to predict response or loss of response to IFX would be required.
Finally, not only the antagonists of P2RX7 [14, 20] , but also other molecules involved in the P2RX7 signaling pathway could be targets for newly developed therapeutic agents to combat primary non-response and secondary loss of response to IFX for CD patients.
Conclusion
This is the first report to show that CARD8 is related to response and primary non-response to IFX after 10 weeks of treatment, and P2RX7, CARD8, and CASP1 are related to response and secondary loss of response to IFX after 1 year of treatment for Japanese CD patients. The polymorphism, the C/C genotype at rs11670259 in CARD8, and the combination polymorphisms, T/T or T/G genotype of rs3751143 in P2RX7 and A/G or G/G genotype of rs2282659 in CASP1, were found to useful as biomarkers to predict response to IFX after 10 weeks and 1 year of treatment, respectively. These molecules including P2RX7, CARD8, and CASP1 in the P2RX7 signaling pathway could therefore become targets for new therapeutic drugs and thereby help patients to overcome primary non-response and secondary loss of response to IFX in CD patients.
